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Cilia are centriole-based
structures stretching out from
cells into the extracellular
environment increasing the area of
contact. Both primary and motile
cilia function as sensory
organelles, playing a key role in
transducing extracellular stimuli,
and common intraflagellar
transport mechanisms have
shown that signaling components
such as ion channels are inserted
into the ciliary membrane [1–5].
Here we deal with the protozoan
cilium as a sensory system and
the evolution of protein tyrosine
kinase (PTK) signaling as a ciliary
membrane transduction process.
Previous work has shown that
insulin in nanomolar and picomolar
concentrations stimulates
chemotaxis and cell survival in
Tetrahymena [6]. This suggests
that these cells have insulin-
receptor-related components,
although no molecular evidence
yet has been available to support
this idea. To establish the presence
and localization of insulin receptor-
related subunits in T. thermophila
we initially examined the cross-
reactivity of commercial
monoclonal and polyclonal
antibodies raised against domains
covering the carboxy- and amino-
terminal regions of the PTK domain
of human IRβ subunit: hlRβ pAb
and hlRβ-PTK mAb, respectively.
These antibodies localize to the
cilia on T. thermophila (Figure 1A),
in many cases with intense
fluorescence in the oral apparatus,
which has a high density of cilia. In
corresponding immunoblots
against ciliary fractions, hlRβ pAb
cross-reacts with a 98 kDa
axonemal protein, p98, and a
66 kDa ciliary membrane protein,
p66 (Figure 1B), and p66 could also
be immunoprecipitated with hIRβ-
PTK mAb (Figure 1C). These results
suggest that p66 has PTK activity
and sequence similarity to the IRβ
subunit. Indeed, we found that
isolated Tetrahymena cilia have a
high level of PTK activity in vitro
compared with that of whole cells
and much of that activity primarily
resides in the ciliary membrane.
Since activation of insulin-
receptor-like proteins is specifically
associated with the
autophosphorylation of tyrosine
residues in the PTK domain of the
β subunit, we tested whether ciliary
proteins were phosphorylatable,
using human recombinant insulin
as a ligand. Immunofluorescence
microscopy analysis showed that
pre-treatment of cells in cultures
with 50 nM human recombinant
insulin increased the localization of
phosphotyrosine antibody to cilia
(Figure 1D). In isolated whole ciliary
membranes, in vitro application of
insulin showed that this localization
was primarily to p66 (Figure 1E).
With degenerate primers based
on the PTK region of insulin
receptors with Tetrahymena codon
usage and a PCR strategy, we
were able to clone a ~66 kDa
protein kinase, which we have
termed T. thermophila protein
tyrosine kinase 1, TtPTK1
(Figure 2). TtPTK1 contains an
amino-terminal kinase domain, a
potential coiled-coil region and
carboxy-terminal clusters of amino
acid motifs homologous to motifs
found in docking adaptor proteins
in signal transduction. The kinase
domain could be identified as a
PTK domain based on a
conserved, highly potentially
autophosphorylatable tyrosine
(Y170: Netphos 2.0 prediction
score 0.938) in the activation loop
between PTK subdomains VII and
VIII, corresponding to the tyrosine
phosphorylation site in the catalytic
PTK activation loop of hIRβ.
Further, the kinase domain
contains specific amino acid motifs
conserved for tyrosine kinases and
insulin receptor homologs (Figure
3A). As an example, the PKMR
motif in subdomain XI is conserved
in most mammalian insulin
receptors and insulin-like growth
factor 1 receptors. Overall the
TtPTK1 kinase domain has ~30%
identity and 65% homology to
human, mouse and various
invertebrate insulin receptor 
Figure 1. Subcellular localization and phosphorylation of insulin receptor β-like proteins in T. thermophila.
(A) Confocal laser scanning immunofluorescence microscopy analysis on hIRβ pAb localization in whole cells. Cilia are marked with
arrows. OA: oral apparatus. (B) SDS–PAGE and Western blot analysis of hIRβ pAb cross-reactivity to proteins in isolated cilia, axonemes
(Ax) and solubilized ciliary membranes (CM), and (C) after immunoprecipitation of ciliary proteins by hIRβ-PTK mAb. (D) Localization and
intensity of in vivo tyrosine phosphorylations with phosphotyrosine pAb in whole cells in response to 3 min stimulation with 50 nM human
recombinant insulin. (E) SDS–PAGE and Western blot analysis of phosphotyrosine mAb (PY20) cross-reactivity to proteins in isolated
whole ciliary membranes (CM) in response to pretreatment of membranes with and without 200 nM human recombinant insulin.
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β-subunit kinase domains. A
dendrogram (Figure 3B) shows the
relationship of the kinase domain
of TtPTK1 to those of the insulin
receptor homologs aligned in
Figure 3A. TtPTK1 is most closely
related to the Caenorhabditis
elegans insulin receptor, Daf-2, in a
subgroup including the insulin
receptor homolog from Drosophila.
Daf-2 regulates the lifetime of C.
elegans and this regulation is
associated with the sensory
capacity of neuronal cilia [7]. A
database search revealed an
ortholog to TtPTK1 in T. pyriformis,
TpNrk [8]. TpNrk is ~80% identical
to TtPTK1, but neither its PTK
activity nor localization has been
examined further.
The TtPTK1 carboxyl terminus
contains multiple motifs for
docking adaptor proteins in signal
transduction. Three out of four
proline-rich motifs, predicted as
SH3-domain-binding motifs with
the consensus PXXP [9], are
clustered together in the far end
of the carboxyl terminus (Figure
2). Further, 10 out of 21 carboxy-
terminal tyrosines are predicted to
be phosphorylatable based on
their flanking sequence motifs.
Nine of these have homology to
conserved SH2-domain-binding
motifs [9], including six tyrosines
which are positioned as in the
conserved growth factor receptor-
bound protein 2 (Grb2/SEM-5)-
binding pYXNX motif. Grb2/SEM-
5-binding couples activated
receptor tyrosine kinases to
downstream kinase pathways
such as the ERK pathway [10,11].
Y498 of TtPTK1 is flanked by
amino acids in a motif
homologous to that found in EGF
receptor homologs [12] and, of
particular interest, Daf-2. We
surmise that these motifs could
serve as sites involved in
downstream protein kinase
signaling pathways.
We conducted a series of
experiments to investigate the
subcellular localization of TtPTK1
and to link TtPTK1 with p66. First,
we synthesized a blocking peptide
around the PKMR motif in the PTK
subdomain XI of TtPTK1 (sequence
247–256) to compete with ciliary
localization of hlRβ pAb in T.
thermophila. Pretreatment of hlRβ
pAb with this peptide inhibits hlRβ
pAb localization to isolated cilia in a
concentration-dependent manner
(Figure 3C,D). Next, an antiserum
made against the sequence around
the PKMR motif (sequence
249–261) recognizes p66 in
immunoblots with ciliary membrane
proteins (Figure 3E). Although
further confirmation is necessary,
these results support the
conclusions that TtPTK1 localizes
to cilia and that TtPTK1 is p66.
Our observations suggest that
cilia in Tetrahymena have signal
transduction components
resembling those of insulin
receptor-like systems based on
phosphotyrosine signaling. Our
results agree with the notion that
signaling through phosphorylation
via PTKs is not a defining
character of metazoan cells, as
was previously proposed [13], but
is present in unicellular
eukaryotes. Recently, a protein
kinase homologous to mammalian
receptor tyrosine kinases was
characterized in the
choanoflagellate M. brevicollis
[14]. In the context of evolution of
the cilium as a signaling system,
features of which persist in
multicellular eukaryotes, it is
perhaps not unexpected that the
emerging Tetrahymena PTK
signaling system, like the
serotonin or somatostatin
receptor systems of neuronal
primary cilia [15,16], and the
polycystin-1−polycystin-2 system
in kidney cilia [2,3], is associated
with the ciliary membrane.
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Figure 2. Amino acid sequence and domain analysis of TtPTK1 in T. thermophila.
TtPTK1 contains an amino-terminal PTK domain with subdomains I–XI (pink box), a
potential coiled-coil region (blue box) and sequence motifs for SH2- and SH3-binding
domains (orange and green boxes, respectively). Potential (auto)phosphorylatable
tyrosines are marked with an arrow. A peptide synthesized for competition with hIRβ
pAb is indicated with a box. The sequence of TtPTK1 is deposited into GenBank
(http://www.ncbi.nlm.nih.gov) with the accession number AF453997.
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Figure 3. Subcellular localization and relationship of TtPTK1 to insulin receptor homologs and p66.
Sequence alignment of TtPTK1 kinase domain to PTK domains of insulin receptor homologs. Autophosphorylatable tyrosines in the acti-
vation loop of the kinases are indicated in red. The alignment was performed with TtPTK1 as consensus sequence. (B) Dendrogram gen-
erated by ClustralW Multiple Alignment program from the alignment of the amino acid sequences of the kinase domains of TtPTK1 insulin
receptors and insulin-like growth factor 1 receptors listed in Figure 3A. The following proteins were aligned with TtPTK1 (incl. PubMed
accessions numbers; http://www.ncbi.nlm.nih.gov): C.e. IR (C. elegans Insulin receptor homolog, Daf-2; T42047), M.m. IR (M. musculus
Insulin receptor; NP-034698), H.v. IR (H. vulgaris putative insulin-like peptide receptor precursor; Q25197), P.o. IR (P. olivaceus insulin
receptor; BAB83667), H.s. IR (H. sapiens insulin receptor; NP000199), D.m. IR (D. melanogaster insulin receptor, AAC47458), H.s. IGF1R
(H. sapiens insulin-like growth factor 1 receptor; NP000866), M.m. IGF1R (M. musculus insulin-like growth factor 1 receptor; Q60751). (C)
Ciliary localization of hIRβ pAb in the absence and in the presence of 10 times the concentration of a synthesized blocking peptide based
on the PTK subdomain XI of TtPTK1 (sequence 247–256). (D) Relative intensities (percent of control) of hIRβ pAb localization to cilia with
increasing concentrations of the blocking peptide (10x, 25x, 50x and 100x. C: control without peptide). Pixel intensities for >100 individ-
ual cilia were used for calculations of relative intensity. (E) SDS–PAGE and Western blot analysis of TtPTK1 antiserum (sequence 249–261)
cross-reactivity to proteins in solubilized ciliary membranes before and after immunoprecipitation with hIRβ-PTK mAb.
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